The structural, elastic and electronic properties of two-dimensional (2D) titanium carbide/nitride based pristine (Tin+1Cn/Tin+1Nn) and functionalized MXenes (Tin+1CnT2/Tin+1NnT2, T stands for the terminal groups: -F, -O and -OH, n = 1, 2, 3) are investigated by density functional theory calculations. Carbide-based MXenes possess larger lattice constants and monolayer thicknesses than nitride-based MXenes. The in-plane Young's moduli of Tin+1Nn are larger than those of Tin+1Cn, whereas in both systems they decrease with the increase of the monolayer thickness.
Introduction
One of the largest families of two-dimensional (2D) transition metal carbides/nitrides were recently introduced by selectively etching the A metal from MAX phases, Mn+1AXn, where n is 1, 2 or 3, M is an early transition metal, A is a group IIIA or IVA element in the periodic table, and X is C and/or N [1, 2] . To emphasis their structural similarity to graphene, these 2D materials were named MXenes [1] . In recent years, 2D MXenes have attracted tremendous attention due to their great potential in a broad range of applications, including energy storage in Li-ion batteries (LIBs) [3] [4] [5] and hybrid electro-chemical capacitors (ECs) [4, 6] , catalysis [7] [8] [9] , hydrogen storage [10] and low-power electronics [11, 12] .
Among all the experimentally synthesized and theoretically predicted MXenes, titanium carbide based MXenes are most widely studied, especially Ti3C2T2 (T stands for the terminal groups: -F, -O and -OH), which was the first 2D MXene synthesized in 2011 [1] . In contrast, the synthesis of 2D titanium nitride-based MXenes is rather difficult due to the relative high formation energy of their three-dimensional (3D) MAX phases and their poor stability in the etchants, typically hydrofluoride (HF) [13] . After the first synthesis of Ti4N3 based MXene [14] , a multilayered Ti2NTx was also successfully obtained very recently by immersing Ti2AlN in a potassium fluoride (KF) -hydrochloric acid (HCl) mixture [15] . Although some progress have been made in synthesizing different 2D titanium carbide/nitride based MXenes, not enough systematic investigations have been completed to determine their structural, elastic and electronic properties, and accordingly to explore their potential applications.
The structure stability and surface chemistry of 2D materials are controlled by some basic structural features such as equilibrium lattice constants, monolayer thickness, and atomic composition. Because of the limitations of experimental approaches, the study of atomic scale structural features of monolayer MXenes are scarce; to the best of our knowledge, there are two experimental works that have been conducted to study the structural properties of Ti3C2Tx monolayer flakes by scanning transmission electron microscope (STEM). The chemistry and surface kinetics [16] , as well as intrinsic point defects [16, 17] of individual Ti3C2Tx nanosheets at the atomic level were investigated. First principal calculations based on density functional theory (DFT) are alternative approaches to fundamentally study structure stability and surface chemistry of MXenes by calculating the cohesive energy and surface adsorption energy.
Cohesive energy, which is defined as the energy required to separate the condensed material into isolated free atoms, is one of the most important physical parameters in quantifying the thermal stability of materials. However, most of the previous DFT studies were concentrated on examining the lattice parameter and layer thickness of titanium-based MXenes [18, 19] , which are incapable of predicting the structural stability and surface properties of MXenes. There are only two DFT works [20, 21] that calculated the cohesive energies of MXenes, but they studied merely pristine MXenes; in other words, the effect of terminal groups on cohesive energy was ignored. Surface property of 2D materials are also very important for their applications in catalysis [7] [8] [9] and hydrogen storage [10] . For example, surface energy indicates how likely molecules are to adsorb (/desorb) onto the surface, or how strong the surface forms non-covalent bonds with other materials. Titanium, which is a transition metal, has been employed widely to increase the binding energy of hydrogen on carbon-based materials [22, 23] , and the representative 2D Ti2C phase was proven to be an effective reversible hydrogen storage material [10] . Very recently, Ti3C2 MXene nanoparticle was explored and demonstrated to be a highly efficient co-catalyst [24] . MXenes were also investigated as electro catalysts for hydrogen evolution reaction (HER) [25] . However, up to now there are no computational reports on quantitatively elucidating the surface properties of 2D Tin+1Cn/Tin+1Nn MXenes.
The elastic properties of 2D materials, such as the elastic constant ( 11 C ), Young's modulus (E) and Poisson's ratio (ν), are controlled by the high anisotropy between different crystallographic orientations of 2D materials, which is also responsible for their other unique optical, electronic and electrochemical properties [26] . Due to the challenges in experimental measurements of MXenes by applying a set of homogeneous deformations along the basal plane [27] . The calculated 11 C values of Ti2C, Ti3C2 and Ti4C3 (636 GPa, 523 GPa and 512 GPa, respectively)
were significantly smaller than that of graphene (1,028 GPa [28] ), but they still demonstrated that 2D Tin+1Cn solids are quite stiff. A technical issue associated with this work was that the interlayer spacing to create a 2D layer of atoms was chosen to be half of the distance that was used in other DFT studies of 2D MXenes (other works used 20 Å interlayer spacing) [10, 19, 29, 30] . A small spacing in-between layers leads to fluctuation in energy and ultimately affect the results, and to eliminate the interaction between free surfaces in DFT, a larger spacing is needed.
A physical issue associated with this work was that the effect of Poisson's ratio was neglected, and instead the lattice vector in the transverse direction was controlled at a constant value by adopting periodic boundary conditions. Such treatment is akin to applying a constraint force on the transverse section during uniaxial tension or compression, which will consequently result in overestimating the elastic constants. In a different work but using the method of calculation in [27] , the stress-strain relations for 2D Ti2C under both biaxial and uniaxial load conditions were obtained by Guo et al. [29] , showing that 2D Ti2C is elastically isotropic, and the calculated Young's modulus along two perpendicular directions (zigzag and armchair directions) were 620
GPa and 600 GPa, respectively. By using the same loading and boundary conditions but different interlayer spacing, Chakraborty et al. [30] recently obtained a similar Young's modulus (~580 GPa) to Guo et al. work [29] , but a higher elastic constant (~710 GPa) than Kurtoglu et al. work [27] for 2D Ti2C. As aforementioned, such unrelaxed transverse boundary condition can lead to overestimation of elastic properties. Moreover, to the best of our knowledge, the elastic properties of pristine Tin+1Nn have not yet studied. As part of this work, we revisit DFT calculations of the elastic properties of pristine Tin+1Cn MXenes in order to improve the reliability of the results, and also investigate the elastic properties of pristine Tin+1Nn.
In addition to structural and mechanical properties, knowledge of electronic properties is also greatly desired to determine metallic conductivity of MXenes. To assure efficient charge-carrier transfer during energy storage, excellent metallic conductivity of these MXenes is highly desired.
During the etching process of MAX phases, the MXene surfaces acquire numerous hydrophilic terminal groups, which render them as promising catalyst materials. However, the presence of surface functional groups may lead to dramatic changes in the electronic properties of MXenes. Finally, their density of states (DOS) are calculated to characterize their metallic conductivities.
Computational Models and Calculation Details
First principles calculations are performed using DFT in conjunction with projector augmented wave (PAW), as implemented in the Vienna Ab inito Simulation Package (VASP) [33] . The exchange-correlation energy of interacting electrons is treated by both the PerdewBurke-Ernzerhof (PBE) version of the generalized gradient approximation (GGA) [34] . A plane wave cutoff energy of 400 eV is found to be sufficient to ensure that the total energies are converged to less than 10 -4 eV/unit cell. The k-point of 9×5×1 is used for structure optimization and static self-consistent calculation for Tin+1Xn (X = C, N) monolayers. Figure 1b , by applying periodic boundary conditions, the bulk state of Tin+1Cn can be obtained, which is denoted as bulk Tin+1Cn -11 0 to differentiate from the bulk TiC in Figure 1a . To simulate MXene sheets, we build slab models, in which a large vacuum space of 20 Å is added above the upper layer to prevent its interaction with the periodic image of the lower layer, as shown in Figure 1c . In our studies, we have also considered the cases of functionalized MXenes, i.e., surfaces of Tin+1Xn monolayers are fully terminated by -F, -O and -OH. Figure 1d shows an example of Ti3C2 with hybrid -O and -F terminations.
Lattice constant and layer thickness are important parameters in characterizing the crystal configurations of MXenes. In terms of structural stability, the cohesive energy Ecoh, being a measure of the strength of forces that bind atoms together in a crystal, is a useful parameter in understanding the phase stability [20, 21] . In general, the cohesive energy is defined as the total energy of the compound deducted by the sum of the energies of all the individual constituent atoms [20] . In the case of Tin+1XnT2 MXenes, the cohesive energy is calculated by the following formula (Equation (1)):
where tot E is the total energy of Tin+1XnT2, atm E is the energy of free atoms of Ti, X (C/N), and T
(-O, -F or -OH).
To normalize the cohesive energy of different systems, we calculate the cohesive energy per atom by:
In addition, the stability trend of competing phases, such as Ti2C, Ti3C2, and Ti4C3, can be obtained by calculating their formation energies. This approach has successfully analyzed the stability trends of some MAX phases previously [35, 36] . In the current study, for pristine Tin+1Cn and Tin+1Nn, the reactions are assumed to be Tin+1Cn ↔ TinCn-1 + TiC, and Tin+1Nn ↔ TinNn-1 + TiN, where TiC and TiN have B1 crystal structures. Therefore, the formation energy for Tin+1Cn can be calculated by: Tin+1Cn and Tin+1Nn monolayers. The adsorption energy is defined as:
where   In VASP by updating the symmetry inequivalent displacement, the elastic constants can be calculated automatically. Then, the elastic tensor is determined by performing six finite distortions of the lattice and deriving the elastic constants from the stress-strain relationship.
Since the force is averaged over the entire simulation cell, including the vacuum space, the 
where Ei is the Young's modulus in the i direction, νij is the Poisson's ratio associated with the i and j directions, and Gij is the shear modulus in the ij plane. For the case of 2D monolayers, the most concern of mechanical response is focused on the lateral plane. Moreover, our current study as well as the previous literatures [29, 30] , demonstrate that Tin+1Cn MXenes are nearly elastically isotropic. Therefore, the in-plane elastic constant ( based MXenes (X = C, N), we further analysis ELF and electron charge density distributions (CDD). VESTA [40] is used to visualize the contours of ELF and CDD. ELF is defined as [41] :
where i  represents the Kohn-Sham orbitals, and  stands for the electron charge density.
Total and partial DOS of pristine Tin+1Cn/Tin+1Nn and functionalized Tin+1CnT2/Tin+1NnT2 are also analyzed to better understand their electrical conductivity.
Results and Discussion

Structural properties
In order to investigate the ground-state properties, we simulated the equilibrium configurations of pristine Tin+1Cn/Tin+1Nn and their functionalized monolayers. Since to date there are no available experimental data for monolayer MXenes to compare to DFT calculations at nano-or electronic scale, we also performed DFT calculations of bulk TiC and bulk TiN and compared the results to experimental results in literatures to validate the accuracy of our method.
The calculated lattice constants and monolayer thicknesses are listed in Tin+1CnT2 The calculated normalized cohesive energies for pristine Tin+1Cn/Tin+1Nn and functionalized Tin+1CnT2/Tin+1NnT2 are listed in Table S1 and compared in Figure 2 . It can be seen that our results for pristine Tin+1Cn/Tin+1Nn are in good agreement with previous studies [20, 21] , which certifies the reliability of our present DFT calculations. The obtained coh E for all the studied
MXenes are relatively small negative values, i.e., around -6.0 ~ -7.0 eV/atom, as shown in Table   S1 , which demonstrates that all the considered MXenes have stable structures. Moreover, the values of coh E for pristine Tin+1Cn/Tin+1Nn decrease with increasing n, i.e., increasing the thickness of monolayers (Figure 2) . In other words, structural stability increases in these sequences: Ti2C < Ti3C2 < Ti4C3 and Ti2N < Ti3N2 < Ti4N3, and this is due to the increase in are smaller than those of Tin+1Cn, thus the preparation of free-standing Tin+1Nn will be more problematic, which is consistent with the experimental observations [14, 15] .
Similar stability trends are also observed in functionalized MXenes. The calculated adsorption energies for adhesion of terminal groups onto the surface of pristine Tin+1Cn and Tin+1Nn monolayers are listed in Table S2 and plotted in Figure 3 for comparison. It is noticed that the overall adsorption energies of Tin+1Nn are lower than those of Tin+1Cn, which implies that Tin+1Nn has more active surface chemistry than Tin+1Cn. It has been reported that the difficulty in producing titanium nitride-based MXenes is caused partially by the strong metallic bonding between Ti-A atoms in their MAX phase (for example Ti-Al in Tin+1AlNn), and thus requiring more energy to extract the A atoms [13, 14] . Analogously, our adsorption energy calculation demonstrate that terminal groups prefer to adhere to the surfaces of 
Elastic properties
The calculated elastic properties of pristine Tin+1Cn and Tin+1Nn and bulk TiC and TiN are presented in Table 2 . It should be noted that since 2D titanium carbide is elastically isotropic [29] , in the current study only elastic properties along armchair direction of pristine Tin+1Cn and 
Electronic properties
To Moreover, ELF analyses also reveal the existence of nearly free electron (NFE) states in -OH terminated MXenes, e.g., Ti4C3(OH)2 and Ti4N3(OH)2 ( Figure 4d, d' ). In general, these NFE states are spatially located outside the surface atoms and are extended parallel to the surfaces.
We have also calculated the projected band structures of -OH terminated MXenes to confirm the existence of NFE states, as shown in Figure 5 and Figure S3 . Clearly, the band structures show NFE characteristics with parabolic energy dispersions with respect to the crystal wave vector, as indicated by red arrows in Figure 5 and Figure S3 , which is consistent with the observations in ref. [41] . It has been shown that the NFE states concentrate in the region of highest positive charges [55] . As a results, we found uniform floating electron gas with ELF  0. demonstrated that the NFE states provide almost perfect transmission channels without nuclear scattering for electron transport [41] . Moreover, the existence of such trapped states on the surface might promote the catalytic properties [56] . Owing to the stronger bonding of Ti-N than Ti-C, the overall density of the NFE states in Tin+1Nn(OH)2 ( Figure 4d ' and Figure S2 ) is higher than that of Tin+1Cn(OH)2 ( Figure 4d and Figure S1 ). Hence, Tin+1Nn(OH)2 MXenes have much more potential applications in nanoelectronic devices, catalysts and sensors than Tin+1Cn(OH)2
MXenes. To directly visualize the bonding interaction between atoms, we also plot CDD of pristine Tin+1Cn/Tin+1Nn and functionalized Tin+1CnT2/Tin+1NnT2 in Figure 6 . It can be noted that although there are slight electron cloud overlap between the surface Ti and C/N atoms in pristine Ti4C3/Ti4N3 (highlighted by arrows in Figure 6a , a'), ionic bonding is the essential interaction.
Monolayer thickness shows a negative effect on such ionic bonding in pristine Tin+1Cn/Tin+1Nn, in other words, partial ionic bonding transfers to covalent bonding with the increase of monolayer thickness (see Figure S4 and Figure S5 ). After functionalization, ultra-high CDD is It has been shown that the energy states around the Fermi level are mainly composed of Ti-d orbitals [31] . Therefore, to give a better description of the electronic properties, the total and partial DOS of relevant atomic orbitals in pristine Tin+1Nn/Tin+1Cn and functionalized Tin+1NnT2 /Tin+1CnT2 are analyzed, as presented in Figure 7 and Figure S6 . One can notice that for -F and -OH terminated MXenes, their DOS curves show very similar characters around Fermi level, which are consistent with the observed ELF and CDD behaviors as discussed above. It is well known that a higher DOS at the Fermi level (N(EF)) shows a higher electrical conductivity of materials. To ascertain the effect of terminations on the electrical conductivity, we calculate the values of N(EF) from Figure 7 and Figure S6 , which are listed in Table 3 . On one hand, these non-zero N(EF) indicates that most of the studied MXenes exhibit high metallic electrical conductivity, which is in agreement with the previous studies [46, 57, 58] , except that Ti2CO2 has a zero N(EF) ( Figure S6c and Table 3 ). This is because each O atom receives two electrons from the surface Ti atom such that the Fermi energy shifts downward to the center of the gap ( Figure S6c) , and accordingly Ti2CO2 becomes semiconducting, which is also consistent with the previous studies [18, 31] . On the other hand, the Fermi energy is noted to shift downward and the value of N(EF) decrease by surface functionalization, and as a result the electrical conductivity is weakened. Furthermore, -O terminated MXenes, particularly Tin+1CnO2, show much smaller N(EF) and consequently exhibit lower electrical conductivity than Tin+1CnF2 and Tin+1Cn(OH)2, which is consistent with the experimental results obtained by Lai et al. [58] , regarding the carrier transport behavior of 2D Ti2CTx. indicates that comparing to Ti-C, the ionic bonding interaction between Ti-N becomes stronger and covalent interaction is weakened, because Ti-N-Ti bond is a mixture of metallic, covalent and ionic interactions. Similar to Tin+1CnT2, functionalization is found to decrease N(EF) and therefore shows a negative effect on the electrical conductivity of Tin+1NnT2, which is consistent with a previous first principle study [18] .
Moreover, it is noted from Table 3 It is evident that the highest CDD resides in the immediate vicinity of the non-metal ions nuclei.
Comparing Figure S4a , a' and a'', it is noted that with the increase of the monolayer thickness the interaction between C atoms and the surface Ti atoms in pristine Tin+1Cn becomes stronger, as indicated by white arrows ( Figure S4a , a', a''), where the density of overlapped electron cloud in Ti4C3 ( Figure S4a'') is the highest. For the cases of Tin+1CnF2 and Tin+1Cn(OH)2 MXenes, with the increase of monolayer thickness the shape of CDD around Ti nuclei changes from its original perfect sphere to extended sphere along Ti-F, Ti-C and Ti-(OH) bond path. However, since overlapping electron cloud is not observed, the dominant interaction between Ti-F and Ti-OH is still ionic bonding. In Tin+1CnO2, the electron cloud outside the Ti nucleus is significantly stretched along the Ti-O and Ti-C bond path, which results in an approximate rhombus geometry, as denoted in Figure S4 . Such elongation results in slight overlaps of electron cloud between Ti-O and Ti-C, which indicates that a small partial of ionic bonding transfers to covalent bonding through sharing electrons. And also it demonstrates that the terminal groups are more likely to bond with the surface Ti atoms as the electron donor. Although Ti-C bond is essentially ionic in all studied
MXenes, the density of overlapping electron pockets along the C-C bond path in Figure S4 implies that the C-C covalent bonds in pristine Tin+1Cn, Tin+1CnF2 and Tin+1Cn(OH)2 are stronger than those in Tin+1CnO2, despite that this covalent bonding is relatively weak. Therefore, we can conclude that functionalization has a negative effect on the C-C covalent interaction, the strength of which is in the order of: Tin+1Cn > Tin+1CnF2/Tin+1Cn(OH)2 > Tin+1CnO2. 
